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Open acca b s t r a c t
Particulate organic carbon (POC) ﬂux is hypothesized to be the most important parameter inﬂuencing
activity and biomass of prokaryotic and faunal communities in the abyssal seaﬂoor, but there is little
evidence of POC-related changes in community composition of prokaryotes. This hypothesis was tested
by 16S rRNA-gene-based analysis of prokaryotic DNA and RNA extracted from abyssal seaﬂoor
sediments during periods of low and high POC ﬂux. Fingerprint analysis of prokaryotic communities
indicated that approximately 50% of the phylotypes were identical at each sediment horizon, regardless
of the temporal variations in POC ﬂux. However, phylotypes were also detected that represented a
relatively dynamic component of these communities and were probably strongly inﬂuenced by the
prevalent POC ﬂux regime. These patterns were also detected in deeper sediment horizons. DNA- and
RNA-based community proﬁles differed, although both approaches had similar community dynamics.
Crenarchaeota showed the strongest shift in community composition in response to availability of
labile POC, indicating that POC ﬂux may have a more pronounced impact on crenarchaeal communities
than on bacterial communities. The high number of phylotypes common to each sample time suggests
that both standing stock and active prokaryotic communities are stable.
& 2012 Published by Elsevier Ltd. Open access under CC BY license.1. Introduction
Abyssal sediments at depths between 3000 and 6000 m cover
450% of the earth’s surface (Smith et al., 2009), comprising one of
its largest biomes. They were traditionally considered to be well
buffered from seasonality and changing environmental conditions
in the overlying water column (Druffel and Robinson, 1999; Menzies,
1965), and to have low process rates, because of the low temperature
and organic nutrient input. Observation of seasonal and inter-annual
variation in organic matter supply to the abyssal seaﬂoor, linked to
benthic productivity and oxygen consumption (Billett et al., 1983;
Smith and Baldwin, 1984), challenged this view, and the close
coupling of deep-sea benthic processes to surface water dynamics
is now well established. Sedimentation of phytodetrital aggregates
and other organic material from the euphotic zone (pelagic–benthic
coupling) is the most important energy source for life in the deep-sea
(Graf, 1989) and, POC ﬂux to the abyss is hypothesized to be theCentre, University of South-
mpton SO14 3ZH, UK.
oeseneder).
ess under CC BY license.single most important factor inﬂuencing changes in community
composition of organisms on the deep seaﬂoor (Danovaro et al.,
2000a; Gooday, 2002; Graf, 1989; Smith et al., 2002).
However, while carbon cycling and respiration appear to be
dominated by prokaryotes in abyssal sediments (Turley and Lochte,
1990) and both abundance andmetabolic activity of prokaryotes vary
in response to seasonal nutrient input (Boetius et al., 2000; Rowe
et al., 1991; Turley, 2000; Turley and Lochte, 1990), the link between
POC ﬂux and prokaryotic community composition is not well
established. Prokaryotic cell concentration in sea-ﬂoor sediments is
greater than in productive open ocean surface waters (108 cells per
cm3), in part through the accumulation of material at the sediment
surface and limited grazing pressure (Bo¨er et al., 2009; Jørgensen and
Boetius, 2007; Schauer et al., 2010), but there is little understanding
of the mechanisms leading to and maintaining prokaryotic biomass
or diversity.
Community composition of Bacteria in abyssal sediments is
highly complex (Li et al., 1999b). Archaeal communities generally
show less heterogeneity, with 63% of the clones belonging to
Marine Group I (MGI) Crenarchaeota in archaeal clone libraries
(Vetriani et al., 1999; Wang et al., 2005). Bacteria have an extensive
variety of metabolic traits in these abyssal sediments (Jørgensen and
Boetius, 2007), while the role of MGI Crenarchaeota as mediators of
M.M. Moeseneder et al. / Deep-Sea Research I 70 (2012) 26–35 27biogeochemical cycling of matter is only recently emerging from
research on the ocean water column. Vertical proﬁles from the
euphotic zone to abyssal depths have shown that members of MGI
Crenarchaeota provide a larger proportion of prokaryotic cells with
increasing depth and may contribute signiﬁcantly to oceanic
ammonia oxidation (Agogue´ et al., 2008; Karner et al., 2001;
Wuchter et al., 2006). Comparative genomics recently revealed
that MGI Crenarchaeota probably belong to the newly described
deep-branching phylum Thaumarchaeota (Brochier-Armanet et al.,
2008; Pester et al., 2011). It is therefore likely that a substantial
amount of crenarchaeal community composition described here
falls within this novel phylum.
Temporal and spatial variability of marine prokaryotic com-
munities has been studied by DNA-targeted analysis of 16S rRNA
genes, but RNA-targeted analysis increases sensitivity and is believed
to assess active communities (Martinez et al., 2006; Moeseneder
et al., 2001), as active prokaryotic cells generally contain greater
numbers of ribosomes than inactive or dormant cells (DeLong et al.,
1989; Poulsen et al., 1993).
The aim of the present study was to investigate whether the
composition of ‘total’ and active prokaryotic communities in
abyssal sediments changes temporally and whether such changes
result from temporal variation in POC ﬂux to the abyssal seaﬂoor.
Because the POC ﬂux to the abyss is hypothesised to have greatest
inﬂuence on changes in community composition of organisms on
the deep seaﬂoor (Danovaro et al., 2000b; Gooday, 2002; Graf, 1989;
Smith et al., 2002), a temporal sampling strategy was employed to
determine the impact of POC ﬂux on indigenous prokaryotes in
different depth horizons of the abyssal sediment. Research was
performed at Station M (Sta. M, 3953 m), a monitoring site in the
northeast Paciﬁc for which, more than 20 years of POC ﬂux data to
abyssal depths are available (Smith and Druffel, 1998). Vertical POC
ﬂux typically increases in early summer at Sta. M, and phytodetritus
can completely cover the seaﬂoor by August or September (Baldwin
et al., 1998; Smith et al., 1994). POC ﬂux usually decreases sharply in
the fall and stays low during winter and early spring. Furthermore,
POC utilization, usually assessed as sediment community oxygen
consumption (SCOC) is routinely measured in situ with autonomous
respiration chambers at Sta. M. Long time series records show a
distinct, recurring seasonal signal in SCOC, which is highest in
summer and fall and lowest in winter at this site. Prokaryotes and
smaller fauna mainly drive these annual patterns in SCOC (Drazen et
al., 1998; Ruhl et al., 2008; Smith et al., 1994). Thus, by sampling in
June, September and February, respectively, we were able to analyse
prokaryotic community composition during phases differing signiﬁ-
cantly with regard to the vertical POC input and organic matter
remineralisation.2. Materials and methods
2.1. Field sampling
Three replicate push cores each were used to sample sediment at
the abyssal long-term study site Sta. M, 200 km off the Californian
coast (Fig. 1a) in June 2007, September 2007 and in February 2009
(3953 m depth, temperature constant at 1.49 1C at all sampling
events). Samples were taken at the onset of the summer period with
elevated vertical POC ﬂux (June), the end of this period, (September)
and 17 months later when very low input of POC prevailed
(February). At Sta. M, sediment porewater (3953 m depth) oxygen
concentration is 145 mmol l1, and the oxygen penetration depth
is 3 cm (Reimers et al., 1992; Smith, 1992). Silty clay, with a gray-
black appearance prevails in sediment horizon depth greater than
3 cm. Sampling was done using the remotely operated vehicles
(ROV) Tiburon and Doc Ricketts. Three replicate cores were taken 2 mapart on each sampling date. Upon arrival of the ROV on deck, the
0–1, 1–2, 2–3, 3–5, 5–10 and 10–15 cm horizons of each core were
immediately sliced in a cold room at 4 1C and slices were stored at
80 1C. Sediment horizons from 5–10 to 10–15 cm are not analysed
here in this study.
2.2. Measurement of particulate organic carbon (POC)
Sediment traps were moored at 600 and 50 m above bottom
(mab), providing 10-day integrated measurements of POC ﬂux to
the deep sea as described by (Baldwin et al., 1998). POC ﬂux data
for February 2009 are not available and were estimated using an
empirical model, which takes into account the preceding climate,
upwelling and satellite estimated export of POC from the surface
ocean sensu (Smith et al., 2006). The quality of the results from the
model was tested, and the variability between the in situ measure-
ments and the empirical model are minimal. It uses inputs from the
Northern Oscillation Index (Schwing et al., 2002), Bakun Upwelling
Index (Bakun, 1973) and satellite estimated export ﬂux (Lutz et al.,
2007) all with temporal lag offsets that were determined by cross
correlation with between the respective input variable and sediment
trap measured POC ﬂux. The variability between the in situ mea-
surements and the empirical model indicate the model can reliably
determine if ﬂuxes were high or low.
2.3. Extraction of nucleic acids and cDNA preparation
Nucleic acids were extracted from 0.5 g of sediments (wet
weight) using a bead-beating method (Grifﬁths et al., 2000) and
were re-suspended with 30 ml nuclease-free H2O (Ambion, Life
Technologies, Carlsbad, USA) and stored at 80 1C. Nucleic acids
were extracted exactly the same way at different times during the
temporal sampling. DNA concentration was determined with
a Thermo-Scientiﬁc Nanodrop 1000 (Labtech, UK). Community
cDNA was prepared following (Mahmood et al., 2005) modiﬁed by
use of random-hexamer primers. Seven microlitre of extracted
nucleic acids was incubated at 37 1C for 60 min with 1 ml DNase
(2U, Ambion, Life Technologies, Carlsbad, USA) according to the
manufacturer’s instructions and 1 ml of this reaction was used in a
control PCR (using the bacterial primers from the ﬁrst round PCR),
to check for complete DNA digestion. Reverse transcription of
RNA to cDNA was done with a SuperScript II Kit (Invitrogen,
Carlsbad, USA) according to the manufacturer’s instructions.
2.4. Polymerase chain reaction (PCR) ampliﬁcation
Bacteria and Crenarchaeota were characterized by DNA- and
RNA-targeted analysis of 16S rRNA genes, PCR-ampliﬁed from
extracted DNA and cDNA, respectively. Direct PCR for Denaturing
Gradient Gel electrophoresis (DGGE) was not possible, because of
low nucleic acid concentration in extracts and/or the presence of
inhibitors, and a nested PCR approach was therefore used (Mahmood
et al., 2005). First-round ampliﬁcation was performed using Bacteria-
speciﬁc primers 27F_B (50-GGTGTGAGAGCACTTGCC-30) and pF
(50-ACGAGCTGACGACAGCCATG-30) or Archaea-speciﬁc primers 20F
(50-TTCCGGTTGATCCYGCCRG-30) and 958R (50-YCCGGCGTTGAMTC-
CAATT-30) (Edwards et al., 1989; Lane et al., 1991; Massana et al.,
1997). The 50-ml PCR reactions contained 0.1 mM of both primers,
16 mM (NH4)2SO4, 67 mM Tris–HCl (pH 8.8), 5 mM MgCl2,
200 mM of each dNTP, 1% bovine serum albumin (BSA, Ambion,
Carlsbad, USA), 1 U of Polymerase, (Bioline, London, UK), and 1 ml
of nucleic acid extract. PCR cycling conditions consisted of initial
denaturation at 95 1C for 5 min followed by 10 cycles at 94 1C for
0.5 min, annealing at 55 1C for 0.5 min, and extension at 72 1C for
1 min. PCR products were further ampliﬁed by an additional 25
cycles of denaturation at 92 1C for 0.5 min, annealing at 55 1C for
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Fig. 1. (a) Sta. M sampling site off the Californian coast. Circle insert represents a detailed view of the location at different sampling times, where the diameter of the circle
is 6 km. (b) Flux of particulate organic matter carbon at Sta. M during 2006 to 2010 from in situ measurements and the empirical model. Gray bars represent the times at
which samples were taken. POC ﬂux was 20, 11 and 4 mg C m2d1 in June–July, September and February, respectively.
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for correct size and quality by 1% agarose gel electrophoresis and 1 ml
was used as a template for nested PCR with the Bacteria-speciﬁc
DGGE primers Mf_341F_GC 50-CGCCCGCCGCGCGCGGCGGGCGGG-
GCGGGGGCACGGGGGGCCTACGGGAGGCAGCAG-30) and Mr_534R(50-ATTACCGCGCTGCTGG-30) or crenarchaeal DGGE primers CREN_
771F (50-ACGGTGAGGGATGAAAGCT-30) and CREN_957R_GC (50-CG-
CCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCGGCGTTG-
ACTCCAATTG-30) (Muyzer et al., 1993; Ochsenreiter et al., 2003).
Cycling conditions for bacterial and crenarchaeal nested PCR were as
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were also checked as described above. For the analysis of rRNA, 1 ml
of cDNA reaction was used for ﬁrst-round PCR, followed by nested
PCR ampliﬁcation as described above.2.5. Quantiﬁcation of end point PCR products
First-round PCR products (5 ml) were run on 1% agarose gels and
quantiﬁed using known concentrations of a Hyperladder (Bioline,
London, UK). Agarose gels were imaged using a gel documentation
system, and individual bands were quantiﬁed with the GelEval
software (Frogdance Software, http://www.frogdance.dundee.ac.uk)
by comparing pixel intensities of samples to reference bands from
the Hyperladder. Lower band intensities were regarded as a rough
estimate for lower template concentrations for PCR in the samples
(i.e., lower standing stock or active prokaryotes based on DNA and
RNA proﬁles, respectively).2.6. Denaturing gradient gel electrophoresis (DGGE), shared
operational taxonomic units (OTUs), and cluster analysis
Ampliﬁcation products were analysed using DGGE (as partially
shown in Fig. 3) as described previously (Muyzer et al., 1993)
using 8% polyacrylamide gels, with a denaturant gradient of 35 to
65%, run for 16 h at 75 V and 60 1C. Sensitivity of band detection
was increased by silver staining (Mahmood et al., 2005). Bands
were considered to represent OTUs and differences in banding
patterns indicated differences in OTU composition. Separate
binary matrices were constructed for bacterial and crenarchaeal
DGGE gels, based on the presence or absence of OTUs and results
were used to determine OTUs that were present in all samples
from a particular sediment horizon and those shared between
DNA- and RNA-targeted analyses in samples taken at all sampling
times (June, September and February). The binary matrix was
loaded into Primer6 (Primer-E, Lutton, UK) and cluster analysis
was used as previously described to evaluate the signiﬁcance
groupings (Bertics and Ziebis, 2009).June
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Plainstat (Plainstat Software, http://www.plainstat.com) was
used to perform Student’s t-tests of signiﬁcance. Signiﬁcance of
clustering of DGGE proﬁles was determined using SIMPROF in the
Primer6 package (Bertics and Ziebis, 2009).3. Results
3.1. Bulk DNA concentrations
DNA concentration of extractable DNA was signiﬁcantly higher
in all samples collected in February than June and September
(Fig. 2a). Furthermore, DNA concentration in June and September
at sediment horizons 2–5 cm was signiﬁcantly greater (po0.05)
than in the surface horizon (0–2 cm).3.2. Temporal and spatial variability of PCR ampliﬁable prokaryotic
nucleic acids during different POC ﬂuxes
End point bacterial PCR concentration was signiﬁcantly
(po0.001) higher in September (Fig. 2b and c). Variability in DNA
concentration between triplicate cores was greater in September
samples than in those taken in June and February (Fig. 2b), while
variability in end point RNA-based concentration was higher in June
than in February and September samples (Fig. 2c). There was no
evidence of sediment depth-associated differences in bacterial DNA
and RNA end point PCR concentrations, except for signiﬁcantly
higher (po0.01) bacterial DNA concentration in deeper horizons
(2–5 cm) taken in June (Fig. 2b) than in surface samples (0–2 cm).
End point DNA- and RNA-targeted bacterial PCR concentra-
tions were signiﬁcantly (po0.001) higher than those of Crenarch-
aeota (Fig. 2b–e). Crenarchaeal DNA showed no signiﬁcant
temporal differences (Fig. 2d), but crenarchaeal RNA was signiﬁ-
cantly (po0.01) higher in September (Fig. 2e), where variability
between replicate cores was also higher than in the other months.End point PCR concentration (ng µl-1)
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Fig. 3. Representative DNA and RNA DGGE proﬁles from 2 replicate cores taken in February. Sediment horizons down to 5 cm depth were included in the analysis.
(a) Bacterial DGGE proﬁles and (b) crenarchaeal DGGE proﬁles. DGGE proﬁles from replicate cores were reproducible.
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A large number (44 and 83%) of OTUs were common to all
bacterial DNA and RNA DGGE proﬁles (Fig. 4). Slightly fewer (24 and
79%) were common to all crenarchaeal DNA and RNA proﬁles. The
number of bands shared between bacterial DNA and RNA proﬁles
ranged between 19 and 60%, with lower numbers (12 and 27%) of
shared between crenarchaeal DNA and RNA proﬁles (Fig. 5).
3.4. Comparison of bacterial and crenarchaeal community
composition
Representative DGGE proﬁles indicated a high reproducibility
of this ﬁngerprinting approach (Fig. 3). The gels shown are from
one sampling, but other samplings (June, September) indicated
similar heterogeneity. Although the resolution of the bandingpatterns in Fig. 3 was beyond the ﬁne scale resolution subse-
quently used for further analysis, the proﬁles provide a general
overview of the different temporal samplings. Deeper sediment
horizons at 5–10 and 10–15 cm were not included in the analysis.
Bacterial DNA and RNA proﬁles formed four major clusters, which
were associated with different sediment horizons (Fig. 6a). Sur-
face horizons (0–1 and 1–2 cm) clustered together, indicating
greater similarity within bacterial communities at these depths
than in deeper horizons (2–5 cm). DNA and RNA proﬁles fell
within distinctive sub-clusters within these depth-related clus-
ters. Proﬁles from replicate cores taken in June and September
generally clustered together, and formed 2 distinct sub-clusters,
with communities in February samples being less closely related,
but following the same pattern with respect to sediment depth.
Cores from the 1–2 cm horizons followed a different temporal
pattern, with June and February RNA proﬁles forming 2 distinct
OTU numbercommon
non-common
Fig. 4. Common and non-common OTUs in samples taken at different times and sediment depths. Common OTUs are those detected at a certain sediment horizon only
(0–1, 1–2, 2–3 or 3–5 cm) but at each sampling time (June, September and February). Non-common OTUs represent the remaining phylotypes detected. Replicate cores are
plotted for June (J_), September (S_) and February (F_) samples on the y-axis. Data are presented as means of replicate cores. Standard errors were o1 for all data points.
OTU number
Fig. 5. Shared OTUs in the dataset. Shared OTUs are those identical phylotypes in DNA and RNA based DGGE proﬁles that were detected at a certain sediment horizon only
(0–1, 1–2, 2–3 or 3–5 cm), but at all sampling times (June, September and February). Non-shared OTUs represent the remaining phylotypes detected. Replicate cores are
plotted for June (J_), September (S_) and February (F_) samples on the y-axis. Data are presented as means of replicate cores. Standard errors were o1 for all data points.
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for the RNA. Proﬁles from triplicate cores indicated some spatial
variability in bacterial community composition but generally
clustered together and spatial differences were generally less
than temporal differences.
With the exception of samples taken in September, crenarch-
aeal DNA and RNA proﬁles formed separated clusters within all
depth-related subclusters, as observed for bacterial proﬁles
(Fig. 6b). However, all September samples formed a major cluster
with two sub-clusters comprising proﬁles from the upper
(0–2 cm) and lower (2–5 cm) sediment horizons, with further
subclusters discriminating DNA and RNA proﬁles. Only RNA
proﬁles from the 1–2 cm horizon clustered differently and were
more similar to the 0–1 cm RNA community proﬁles from Sep-
tember. The DNA and RNA crenarchaeal proﬁles were more closely
related to the 1–2 cm sediment depth samples taken in February
and June, with increasingly distant relationships to February and
June samples at sediment depths of 0–1, 2–3 and 3–5 cm.4. Discussion
4.1. Bulk DNA concentrations
Since the nucleic acids extraction protocol applied here used a
rigorous bead-beating step in the presence of Cetyl Trimethyl
Ammonium Bromide (CTAB) to precipitate large amount of humic
substances, we are conﬁdent that all our extractions yielded DNA
and RNA with the same efﬁciency and are therefore comparable.
POC ﬂux at Sta. M could inﬂuence prokaryotic and eukaryotic
abundance and activity and hence differences in extractable DNA
concentrations. Thus, temporal maxima in POM ﬂuxes in late
summer might be expressed by the patterns of reoccurring higher
standing stocks of organisms (extractable DNA as a proxy)
months later. Consistent discrepancies between bulk DNA con-
centrations and ﬁrst round PCR concentrations with prokaryotic
primers suggested that the elevated extractable DNA in February
was not prokaryotic and could therefore originate from eukaryotic
M.M. Moeseneder et al. / Deep-Sea Research I 70 (2012) 26–35 33organisms and/or extracellular DNA (Corinaldesi et al., 2005; Guilini
et al., 2010; Moodley et al., 2002). Macrofaunal biomass at Sta. M has
been shown to peak 8 month after peaks in POC ﬂux (Ruhl et al.,
2008). However, the extraction methods might contain traces of
refractory organic matter/humic substances, which could subse-
quently interfere with DNA measurements to a small extent. DNA
concentrations for Bacteria and Crenarchaeotameasured in sediments
at Sta. M were relatively low in comparison to total nucleic acid and
other analyses of abyssal sediments (Dell’Anno and Corinaldesi, 2004;
Dell’Anno and Danovaro, 2005), and DNA and RNA PCR ampliﬁcation
yields were also low.
The DNA/RNA extraction protocol used (Grifﬁths et al., 2000) is
believed to be efﬁcient, but it is possible that the proportion of
prokaryotic DNA in intact cells may have been small in relation to
total extractable DNA. There is evidence for extracellular DNA in
marine sediments (Dell’Anno and Corinaldesi, 2004; Dell’Anno
and Danovaro, 2005), some of which may be of high molecular
weight, although extracellular 16S rRNA genes have not been
ampliﬁed (Corinaldesi et al., 2005). Because of this uncertainty in
the origin of DNA templates, we did not quantify gene abundance
by quantitative PCR, but rather quantiﬁed ampliﬁable PCR pro-
ducts in ﬁrst round PCR reactions, which were subsequently used
in nested PCR and DGGE analysis. The quantiﬁcation of end-point
PCR products, as presented here, should be seen as a very rough
estimate on concentrations of ampliﬁable gene products from
abyssal sediments, the quantiﬁcation is prone to identical PCR
biases as those found in quantitative PCR (Suzuki and Giovannoni,
1996). Although we did not address the extent of the potential
biases, this rough estimate of end-point PCRs gave some con-
servative estimates on gene dynamics in abyssal sediments. RNA
is generally degraded faster than DNA in marine sediments, and
extracellular RNA is unlikely to have been ampliﬁed (Novitsky,
1986). Since our DNA- and RNA-targeted results showed identical
trends, we are conﬁdent that there was a negligible impact of
extracellular DNA.
Changes in bulk DNA concentration generally occurred in both
surface oxygenated sediment layers (0–3 cm) and in deeper
sediment horizons (3–5 cm). This indicates effective sediment mix-
ing by bioturbation, thereby possibly increasing oxygen and POC
concentrations in deeper horizons and fuelling microbial growth
(Bertics and Ziebis, 2009; Brunnegaard et al., 2004; Laverock et al.,
2010; Reichardt, 1988; Ruhl et al., 2008; Smith et al., 2008). These
results are contrary to ﬁndings of steep decreases in DNA concen-
tration in deeper abyssal sediment horizons, perhaps because sites
studied at the northeastern Atlantic Ocean may have had more
pronounced and stable anoxic gradients with decreased bioturba-
tion (Dell’Anno et al., 1999).
4.2. Persistence of prokaryotic communities during variable
particulate organic carbon ﬂux
A large proportion of all OTUs were common to bacterial and
crenarchaeal DGGE proﬁles in June, September and February,
comprising 50% phylotypes in all samples from a particular
sediment horizon. Previous studies indicated similar stability of
pelagic and benthic prokaryotic communities over periods ranging
from weeks to months to years (Bo¨er et al., 2009; Pereira et al.,
2006; Pringault et al., 2008; Stevens et al., 2005). Various studies
also showed phylotypes recurring over extensive geographic dis-
tances and temporal samplings (Bo¨er et al., 2009; Hewson and
Fuhrman, 2006; Pachiadaki et al., 2011, 2010; Polymenakou et al.,
2005; Pringault et al., 2008; Schauer et al., 2010). For example,
bacterial communities in replicate samples from Sta. M sediment
and from deep Eastern Mediterranean sea were found to differ more
than those between these two sites (Kouridaki et al., 2010). The
same authors also point out the greater role of the quantity andquality of POC ﬂuxes, rather than geographic location, in structuring
bacterial communities (Polymenakou et al., 2005). In addition, the
same proportions of bacterial phylogenetic classes (e.g., the Gam-
maproteobacteria) usually occur in abyssal sediments (Arakawa
et al., 2006; Bowman and McCuaig, 2003; Kouridaki et al., 2010;
Li et al., 1999a,b). This high number of re-occurring phylotypes and
classes also point to a compositional persistence of prokaryotic
communities in abyssal sediments.
4.3. The impact of variation of POC ﬂux on standing stock and active
prokaryotic community composition
Prokaryotic DGGE proﬁles also indicated temporal differences
in OTU composition, suggesting that communities were inﬂu-
enced more by the prevalent physicochemical regime, such as
POC ﬂux (Polymenakou et al., 2005). Sediment depth was the
primary factor in determining bacterial community composition,
with sample time a secondary, but consistent factor. Time-
oriented clusters are probably driven by phylotypes that are more
inﬂuenced by the POC ﬂux. Similar differences were also detected
for deeper sediment horizons, although these (here 3–5 cm) are
generally regarded as less variable over time (Jørgensen and
Boetius, 2007; Llobet-Brossa et al., 1998). One important aspect
explaining the depth-related differences in OTU patterns is the
transition from oxic (0–5 cm) to anoxic (5–15 cm) redox-regimes
in the sediment, thereby changing the metabolic processes of
prokaryotes and ultimately the prokaryotic community composi-
tion (Jørgensen and Boetius, 2007). Spatial variability between
triplicate cores was always less than that between sediment
depths or sample times, and triplicates always clustered together.
We are therefore conﬁdent that our chosen description of prokar-
yotic community composition provided reliable and reproducible
data when triplicate cores from each temporal sampling were
compared.
Further, more detailed studies are needed to address temporal
changes in prokaryotic community proﬁles in different sediment
horizons, but it seems that deeper sediment horizons potentially
host prokaryotic communities that are more dynamic and active
than currently expected, possibly fuelled by geoelectric- or
geochemical-microniches of the sediments (Allen et al., 2007;
Nielsen et al., 2010).
4.4. Standing stock and active prokaryotic communities
All triplicate cores from the 3 temporal samplings formed
distinct sub-clusters, for the DNA- and RNA-based approaches,
and this trend was found throughout the different sediment
horizons. These results indicate signiﬁcant differences between
the ‘total’ community, or standing stock, and the active commu-
nity. For bacterial communities on average 25% of all OTUs were
common to both DNA and RNA proﬁles, while 12% of crenarch-
aeal OTUs were shared. Distinct differences between RNA- and
DNA-based approaches have been previously reported from other
marine habitats (Gentile et al., 2006; Martinez et al., 2006).
The concentration of bacterial ﬁrst round ampliﬁcation products
from DNA was always greatest in September samples, suggesting
that high POC ﬂux increased bacterial biomass. These results are
consistent with the RNA proﬁles, which indicated potentially high
activity of these communities in September (higher ribosome
numbers). However, this might not always be the case. DNA and
RNA community proﬁles may differ temporally, as prokaryotic
RNA changes (shifts in activity) are more likely to occur at shorter
time scales than DNA changes, which require DNA replication and
cell division (Coolen and Shtereva, 2009; Dumont and Murrell,
2005; Maneﬁeld et al., 2002; Whiteley et al., 2007). Thus, RNA
M.M. Moeseneder et al. / Deep-Sea Research I 70 (2012) 26–3534proﬁles probably reﬂect more accurately prokaryotic OTUs that
are involved in biogeochemical cycling of POC.4.5. Crenarchaeal communities during variable POC ﬂux
Crenarchaeal DGGE proﬁles in the upper sediment horizons (0–
2 cm) differed more than those of Bacteria and all crenarchaeal
DNA- and RNA-based proﬁles from September samples clustered
separately. These differences indicate that crenarchaeal commu-
nities are inﬂuenced most during high POC ﬂux events (here
September). Localized heterotrophic decomposition of POC can
lead to increases in ammonia (Smith et al., 1983), which may lead
to a distinct spatial and compositional distribution of ammonia-
oxidizing members of the crenarchaeal community. Although there
is only one study indicating that MGI Crenarchaeota are involved in
the oxidation of ammonia in abyssal sediments (Roussel et al.,
2009), archaeal ammonia oxidation might be a signiﬁcant process
in these organisms (Wuchter et al., 2006), potentially explain-
ing the compositional changes during high POC ﬂuxes to the
deep ocean.
The lower initial crenarchaeal nucleic acid concentration, in
comparison with Bacteria, suggest that Crenarchaeota are a minor
component of the standing stock of prokaryotes in abyssal sedi-
ments, but potentially play an important responsive major role in
the biogeochemistry of these abyssal sediments. Furthermore, the
concentration of ﬁrst round crenarchaeal PCR products was highest
in September for all sediment horizons, indicating enhanced
crenarchaeal activity during enhanced POC ﬂux. Although it is not
possible to determine whether these increases resulted from
crenarchaeal utilisation of organic substrates or ammonia (derived
from either the POC ﬂux itself and/or associated microbial activity),
the results showed that Crenarchaeota were likely to respond
signiﬁcantly to the increases of POC on the seaﬂoor. These results
also suggest a positive correlation between increased POC ﬂux and
crenarchaeal activity (here based on RNA), providing the ﬁrst
indication that POC ﬂux to abyssal deep-sea has a greater impact
on crenarchaeal than bacterial communities.5. Conclusions
Standing stock and active prokaryote communities in abyssal
sediments appeared to be spatially and temporally stable. Non-
common OTUs detectable via DGGE ﬁngerprinting may represent the
dynamic component of these communities andmay be inﬂuenced by
the prevalent physicochemical regime, notably POC availability. Total
and active communities showed similar temporal trends and cre-
narchaeal communities were more dynamic than bacterial commu-
nities, indicating a greater effect of POC ﬂux to the abyssal deep-sea
on Crenarchaeota. Further research on factors controlling abyssal
prokaryotic community composition, including phylotypes from the
‘rare biosphere’, will enable long-term prediction of prokaryotic
communities, as recently shown for river bacterioplankton (Crump
et al., 2009).Acknowledgements
We thank the captain and crew of the RV Western Flyer, and
the MBARI ROV group for their generous assistance during the
sample collection. Rachel Jeffreys, Jim Birch, Jacob Ellena, John
Polanksi and Mike Vardaro helped with the sample collection.
This research was funded by an Environmental Research Council
(NERC) grant NE/E006426/1 to U.W. and J.I.P.References
Agogue´, H., Brink, M., Dinasquet, J., Herndl, G.J., 2008. Major gradients in putatively
nitrifying and non-nitrifying Archaea in the deep North Atlantic. Nature 456
(7223), 788–791.
Allen, J.P., Atekwana, E.A., Atekwana, E.A., Duris, J.W., Werkema, D.D., Rossbach, S.,
2007. The microbial community structure in petroleum-contaminated sedi-
ments corresponds to geophysical signatures. Appl. Environ. Microbiol. 73 (9),
2860–2870.
Arakawa, S., Sato, T., Sato, R., Zhang, J., Gamo, T., Tsunogai, U., Hirota, A., Yoshida,
Y., Usami, R., Inagaki, F., Kato, C., 2006. Molecular phylogenetic and chemical
analyses of the microbial mats in deep-sea cold seep sediments at the
northeastern Japan Sea. Extremophiles 10 (4), 311–319.
Bakun, A., 1973. Coastal Upwelling Indices, West Coast of North America, 1946–
1971. NOAA Technical Report.
Baldwin, R., Glatts, R., Smith Jr, K.L., 1998. Particulate matter ﬂuxes into the
benthic boundary layer at a long time-series station in the abyssal NE Paciﬁc
composition and ﬂuxes. Deep-Sea Res. II 45 (4-5), 643–665.
Bertics, V.J., Ziebis, W., 2009. Biodiversity of benthic microbial communities in
bioturbated coastal sediments is controlled by geochemical microniches. ISME
J. 3 (11), 1269–1285.
Billett, D.S.M., Lampitt, R.S., Rice, A.L., Mantoura, R.F.C., 1983. Seasonal sedimenta-
tion of phytoplankton to the deep-sea benthos. Nature 302 (5908), 520–522.
Bo¨er, S.I., Hedtkamp, S.I.C., van Beusekom, J.E.E., Fuhrman, J.A., Boetius, A.,
Ramette, A., 2009. Time- and sediment depth-related variations in bacterial
diversity and community structure in subtidal sands. ISME J. 3 (7),
780–791.
Boetius, A., Ferdelman, T., Lochte, K., 2000. Bacterial activity in sediments of the
deep Arabian Sea in relation to vertical ﬂux. Deep-Sea Res. II 47 (14),
2835–2875.
Bowman, J.P., McCuaig, R.D., 2003. Biodiversity, community structural shifts, and
biogeography of prokaryotes within Antarctic continental shelf sediment.
Appl. Environ. Microbiol. 69 (5), 2463–2483.
Brochier-Armanet, C., Boussau, B., Gribaldo, S., Forterre, P., 2008. Mesophilic
crenarchaeota: proposal for a third archaeal phylum, the Thaumarchaeota.
Nat. Rev. Microbiol. 6 (3), 245–252.
Brunnegaard, J., Grandel, S., Staahl, H., Tengberg, A., Hall, P.O., 2004. Nitrogen
cycling in deep-sea sediments of the Porcupine Abyssal Plain, NE Atlantic.
Prog. Oceanogr. 63 (4), 159–181.
Coolen, M.J.L., Shtereva, G., 2009. Vertical distribution of metabolically active
eukaryotes in the water column and sediments of the Black Sea. FEMS
Microbiol. Ecol. 70 (3), 525–539.
Corinaldesi, C., Danovaro, R., Dell’Anno, A., 2005. Simultaneous recovery of
extracellular and intracellular DNA suitable for molecular studies from marine
sediments. Appl. Environ. Microbiol. 71 (1), 46–50.
Crump, B.C., Peterson, B.J., Raymond, P.A., Amon, R.M.W., Rinehart, A., McClelland,
J.W., Holmes, R.M., 2009. Circumpolar synchrony in big river bacterioplankton.
Proc. Natl. Acad. Sci. USA 106 (50), 21208–21212.
Danovaro, R., Marrale, D., Dell’Anno, A., Della Croce, N., Tselepides, A., Fabiano, M.,
2000a. Bacterial response to seasonal changes in labile organic matter
composition on the continental shelf and bathyal sediments of the Cretan
Sea. Prog. Oceanogr. 46 (2-4), 345–366.
Danovaro, R., Tselepides, A., Otegui, A., Della Croce, N., 2000b. Dynamics of
meiofaunal assemblages on the continental shelf and deep-sea sediments of
the Cretan Sea (NE Mediterranean): relationships with seasonal changes in
food supply. Prog. Oceanogr. 46 (2-4), 367–400.
Dell’Anno, A., Corinaldesi, C., 2004. Degradation and turnover of extracellular DNA
in marine sediments: ecological and methodological considerations. Appl.
Environ. Microbiol. 70 (7), 4384–4386.
Dell’Anno, A., Danovaro, R., 2005. Extracellular DNA plays a key role in deep-sea
ecosystem functioning. Science 309 (5744), 2179.
Dell’Anno, A., Fabiano, M., Mei, M.L., Danovaro, R., 1999. Pelagic–benthic coupling
of nucleic acids in an abyssal location of the northeastern Atlantic Ocean. Appl.
Environ. Microbiol. 65 (10), 4451–4457.
DeLong, E.F., Wickham, G.S., Pace, N.R., 1989. Phylogenetic stains: ribosomal RNA-
based probes for the identiﬁcation of single cells. Science 243 (4896),
1360–1363.
Drazen, J.C., Baldwin, R.J., Smith Jr, K.L., 1998. Sediment community response to a
temporally varying food supply at an abyssal station in the NE paciﬁc. Deep-
Sea Res. II 45 (4-5), 893–913.
Druffel, E.R.M., Robinson, B.H., 1999. Is the deep sea on a diet? Science 284 (5417),
1139.
Dumont, M.G., Murrell, J.C., 2005. Stable isotope probing–linking microbial
identity to function. Nat. Rev. Microbiol. 3 (6), 499–504.
Edwards, U., Rogall, T., Blocker, H., Emde, M., Bottger, E., 1989. Isolation and direct
complete nucleotide determination of entire genes. Characterization of a gene
coding for 16S ribosomal RNA. Nucleic Acids Res. 17 (19), 7843–7853.
Gentile, G., Giuliano, L., D’Auria, G., Smedile, F., Azzaro, M., De Domenico, M.,
Yakimov, M.M., 2006. Study of bacterial communities in Antarctic coastal
waters by a combination of 16S rRNA and 16S rDNA sequencing. Environ.
Microbiol. 8 (12), 2150–2161.
Gooday, A., 2002. Biological responses to seasonally varying ﬂuxes of organic
matter to the ocean ﬂoor: a review. Prog. Oceanogr. 58 (2), 305–332.
Graf, G., 1989. Benthic–pelagic coupling in a deep-sea benthic community. Nature
341 (6241), 437–439.
M.M. Moeseneder et al. / Deep-Sea Research I 70 (2012) 26–35 35Grifﬁths, R., Whiteley, A., O’Donnell, A., Bailey, M., 2000. Rapid method for
coextraction of DNA and RNA from natural environments for analysis of
ribosomal DNA- and rRNA-based microbial community composition. Appl.
Environ. Microbiol. 66 (12), 5488–5491.
Guilini, K., Van Oevelen, D., Soetaert, K., Middelburg, J., Vanreusel, A., 2010.
Nutritional importance of benthic bacteria for deep-sea nematodes from the
Arctic ice margin: results of an isotope tracer experiment. Limnol. Oceanogr.
55 (5), 1977–1989.
Hewson, I., Fuhrman, J.A., 2006. Spatial and vertical biogeography of coral reef
sediment bacterial and diazotroph communities. Mar. Ecol. Prog. Ser. 306 (1),
79–86.
Jørgensen, B.B., Boetius, A., 2007. Feast and famine-microbial life in the deep-sea
bed. Nat. Rev. Microbiol. 5 (10), 770–781.
Karner, M.B., DeLong, E.F., Karl, D.M., 2001. Archaeal dominance in the mesope-
lagic zone of the paciﬁc ocean. Nature 409 (6819), 507–510.
Kouridaki, I., Polymenakou, P., Tselepides, A., Mandalakis, M., Smith Jr, K.L., 2010.
Phylogenetic diversity of sediment bacteria from the deep Northeastern Paciﬁc
Ocean: a comparison with the deep Eastern Mediterranean Sea. Int. Microbiol.
13 (3), 143–150.
Lane, D.J., Stackebrandt, E., Goodfellow, M., 1991. 16S/23S rRNA sequencing.
Nucleic Acid Tech. Bacterial Syst., 115–176.
Laverock, B., Smith, C.J., Tait, K., Osborn, A.M., Widdicombe, S., Gilbert, J.A., 2010.
Bioturbating shrimp alter the structure and diversity of bacterial communities
in coastal marine sediments. ISME J. 4 (12), 1531–1544.
Li, L., Kato, C., Horikoshi, K., 1999a. Bacterial diversity in deep-sea sediments from
different depths. Biodivers. Conserv. 8 (5), 659–677.
Li, L., Kato, C., Horikoshi, K., 1999b. Microbial diversity in sediments collected from
the deepest cold-seep erea, the Japan Trench. Mar. Biotechnol. 1 (4), 391–400.
Llobet-Brossa, E., Rossello´-Mora, R., Amann, R., 1998. Microbial community
composition of Wadden Sea sediments as revealed by ﬂuorescence in situ
hybridization. Appl. Environ. Microbiol. 64 (7), 2691–2696.
Lutz, M., Caldeira, K., Dunbar, R, 2007. Seasonal rhythms of net primary production
and particulate organic carbon ﬂux to depth describe the efﬁciency of
biological pump in the global ocean. J. Geophys. Res. 112 (C10011), 26.
Mahmood, S., Paton, G.I., Prosser, J.I., 2005. Cultivation-independent in situ
molecular analysis of bacteria involved in degradation of pentachlorophenol
in soil. Environ. Microbiol. 7 (9), 1349–1360.
Maneﬁeld, M., Whiteley, A.S., Grifﬁths, R.I., Bailey, M.J., 2002. RNA stable isotope
probing, a novel means of linking microbial community function to phylogeny.
Appl. Environ. Microbiol. 68 (11), 5367–5373.
Martinez, R.J., Mills, H.J., Story, S., Sobecky, P.A., 2006. Prokaryotic diversity and
metabolically active microbial populations in sediments from an active mud
volcano in the Gulf of Mexico. Environ. Microbiol. 8 (10), 1783–1796.
Massana, R., Murray, A.E., Preston, C.M., DeLong, E.F., 1997. Vertical distribution
and phylogenetic characterization of marine planktonic Archaea in the Santa
Barbara Channel. Appl. Environ. Microbiol. 63 (1), 50–56.
Menzies, R., 1965. Conditions for the existence of life on the abyssal sea ﬂoor.
Oceanogr. Mar. Biol.: Annu. Rev. 3 (3), 195–210.
Moeseneder, M.M., Winter, C., Herndl, G.J., 2001. Horizontal and vertical complex-
ity of attached and free-living bacteria of the eastern Mediterranean Sea
determined by 16S rDNA and 16S rRNA ﬁngerprints. Limnol. Oceanogr. 46 (1),
95–107.
Moodley, L., Middelburg, J.J., Boschker, H.T.S., Duineveld, G.C.A., Pel, R., Herman,
P.M.J., Heip, C.H.R., 2002. Bacteria and Foraminifera: key players in a short
term deep-sea benthic response to phytodetritus. Mar. Ecol. Prog. Ser. 236 (1),
23–29.
Muyzer, G., DeWaal, E.C., Uitterlinden, A.G., 1993. Proﬁling of complex microbial
populations by denaturing gradient gel electrophoresis analysis of polymerase
chain reaction-ampliﬁed genes coding for 16S rRNA. Appl. Environ. Microbiol.
59 (3), 695–700.
Nielsen, L.P., Risgaard-Petersen, N., Fossing, H., Christensen, P.B., Sayama, M., 2010.
Electric currents couple spatially separated biogeochemical processes in
marine sediment. Nature 463 (7284), 1071–1074.
Novitsky, J.A., 1986. Degradation of dead microbial biomass in a marine sediment.
Appl. Environ. Microbiol. 52 (3), 504–509.
Ochsenreiter, T., Selezi, D., Quaiser, A., Bonch-Osmolovskaya, L., Schleper, C., 2003.
Diversity and abundance of Crenarchaeota in terrestrial habitats studied by
16S RNA surveys and real time PCR. Environ. Microbiol. 5 (9), 787–797.
Pachiadaki, M.G., Kallionaki, A., Da¨hlmann, A., de Lange, G.J., Kormas, K.A., 2011.
Diversity and spatial distribution of prokaryotic communities along a sedi-
ment vertical proﬁle of a deep-sea mud volcano. Microb. Ecol. 62 (3), 655–668.
Pachiadaki, M.G., Lykousis, V., Stefanou, E.G., Kormas, K.A., 2010. Prokaryotic
community structure and diversity in the sediments of an active submarine
mud volcano (Kazan mud volcano, East Mediterranean Sea). FEMS Microbiol.
Ecol. 72 (3), 429–444.
Pereira, M., Latchford, J., Mudge, S., 2006. The use of Terminal Restriction Fragment
Length Polymorphism (T-RFLP) for the characterisation of microbial commu-
nities in marine sediments. Geomicrobiol. J. 23 (5), 247–251.Pester, M., Schleper, C., Wagner, M., 2011. The Thaumarchaeota: an emerging view
of their phylogeny and ecophysiology. Curr. Opin. Microbiol. 14 (3), 300–306.
Polymenakou, P., Bertilsson, S., Tselepides, A., 2005. Links between geographic
location, environmental factors, and microbial community composition in
sediments of the Eastern Mediterranean Sea. Microb. Ecol. 49 (3), 367–378.
Poulsen, L.K., Ballard, G., Stahl, D.A., 1993. Use of rRNA ﬂuorescence in situ
hybridization for measuring the activity of single cells in young and estab-
lished bioﬁlms. Appl. Environ. Microbiol. 59 (2), 1354–1360.
Pringault, O., Duran, R., Jacquet, S., Torre´ton, J.-P., 2008. Temporal variations of
microbial activity and diversity in marine tropical sediments (New Caledonia
lagoon). Microb. Ecol. 55 (2), 247–258.
Reichardt, W., 1988. Impact of bioturbation by Arenicola marina on microbiolo-
gical parameters in intertidal sediments. Mar. Ecol. Prog. Ser. 44 (1), 149–158.
Reimers, C., Jahnke, R., McCorkle, D., 1992. Carbon ﬂuxes and burial rates over the
continental slope and rise off central California with implications for the
global carbon cycle. Global Biochem. Cycle 6 (2), 199–224.
Roussel, E.G., Sauvadet, A.-L., Chaduteau, C., Fouquet, Y., Charlou, J.-L., Prieur, D.,
Cambon Bonavita, M.-A., 2009. Archaeal communities associated with shallow
to deep subseaﬂoor sediments of the New Caledonia Basin. Environ. Microbiol.
11 (9), 2446–2462.
Rowe, G., Sibut, M., Deming, J., Khriponoff, A., Tietjen, J., Theroux, R., 1991. ‘Total’
sediment biomass and preliminary estimates of organic carbon residence time
in deep-sea benthos. Mar. Ecol. Prog. Ser. 79 (1), 99–114.
Ruhl, H.A., Ellena, J.A., Smith Jr, K.L., 2008. Connections between climate, food
limitation, and carbon cycling in abyssal sediment communities. Proc. Natl.
Acad. Sci. USA 105 (44), 17006–17011.
Schauer, R., Bienhold, C., Ramette, A., Harder, J., 2010. Bacterial diversity and
biogeography in deep-sea surface sediments of the South Atlantic Ocean. ISME
J. 4 (2), 159–170.
Schwing, F., Murphree, T., Green, P., 2002. The Northern Oscillation Index (NOI): a
new climate index for the northeast Paciﬁc. Prog. Oceanogr. 53 (2–4),
115–139.
Smith, C., De Leo, F., Bernardino, A., 2008. Abyssal food limitation, ecosystem
structure and climate change. Trends Ecol. Evol. 23 (9), 518–528.
Smith Jr, K.L., 1992. Benthic boundary layer communities and carbon cycling at
abyssal depths in the central North Paciﬁc. Limnol. Oceanogr. 37 (5),
1034–1056.
Smith Jr, K.L., Baldwin, R., Ruhl, H., Kahru, M., 2006. Climate effect on food supply
to depths greater than 4,000 m in the northeast Paciﬁc. Limnol. Oceanogr. 51
(4), 166–176.
Smith Jr, K.L., Baldwin, R.J., 1984. Seasonal ﬂuctuations in deep-sea sediment
community oxygen consumption: central and eastern North Paciﬁc. Nature
307 (5952), 624–626.
Smith Jr, K.L., Baldwin, R.J., Karl, D., Boetius, A., 2002. Benthic community
responses to pulses in pelagic food supply: North Paciﬁc Subtropical Gyre.
Deep-Sea Res. I 49 (6), 971–990.
Smith Jr, K.L., Druffel, E., 1998. Long time-series monitoring of an abyssal site in
the NE Paciﬁc: an introduction. Deep-Sea Res. II 45 (4-5), 573–586.
Smith Jr, K.L., Kaufmann, R., Baldwin, R., 1994. Coupling of near-bottom pelagic
and benthic processes at abyssal depths in the eastern North Paciﬁc Ocean.
Limnol. Oceanogr. 39 (5), 1101–1118.
Smith Jr, K.L., Laver, M., Brown, N., 1983. Sediment community oxygen consump-
tion and nutrient exchange in the central and eastern North Paciﬁc. Limnol.
Oceanogr. 28 (5), 882–898.
Smith Jr, K.L., Ruhl, H., Bett, B., Billett, D., Lampitt, R., Kaufmann, R., 2009. Climate,
carbon cycling, and deep-ocean ecosystems. Proc. Natl. Acad. Sci. USA 106
(46), 19211–19218.
Stevens, H., Brinkhoff, T., Simon, M., 2005. Composition of free-living, aggregate-
associated and sediment surface-associated bacterial communities in the
German Wadden Sea. Aquat. Microb. Ecol. 38 (1), 15–30.
Suzuki, M.T., Giovannoni, S.J., 1996. Bias caused by template annealing in the
ampliﬁcation of mixtures of 16S rRNA genes by PCR. Appl. Environ. Microbiol.
62 (2), 625–630.
Turley, C., 2000. Bacteria in the cold deep-sea benthic boundary layer and
sediment-water interface of the NE Atlantic. FEMS Microbiol. Ecol. 33 (2),
89–99.
Turley, C., Lochte, K., 1990. Microbial response to the input of fresh detritus to the
deep-sea bed. Palaeogeogr. Palaeoclimatol. Palaeoecol. 89 (1), 3–23.
Vetriani, C., Jannasch, H.W., MacGregor, B.J., Stahl, D.A., Reysenbach, A.L., 1999.
Population structure and phylogenetic characterization of marine benthic
Archaea in deep-sea sediments. Appl. Environ. Microbiol. 65 (10), 4375–4384.
Wang, P., Xiao, X., Wang, F., 2005. Phylogenetic analysis of Archaea in the deep-sea
sediments of west Paciﬁc Warm Pool. Extremophiles 9 (3), 209–217.
Whiteley, A.S., Thomson, B., Lueders, T., Maneﬁeld, M., 2007. RNA stable-isotope
probing. Nat. Protoc. 2 (4), 838–844.
Wuchter, C., Abbas, B., Coolen, M., Herfort, L., van Bleijswijk, J., Timmers, P., Strous,
M., Teira, E., Herndl, G., Middelburg, J., Schouten, S., Sinninghe Damste, J., 2006.
Archaeal nitriﬁcation in the ocean. Proc. Natl. Acad. Sci. USA 103 (33),
12317–12322.
